It is known that the accuracy of phylogenetic reconstruction decreases when more distant outgroups are used. We quantify this phenomenon with a novel scoring method, the outgroup score pOG. This score expresses if the support for a particular branch of a tree decreases with increasingly distant outgroups. Large-scale simulations confirmed that the outgroup support follows this expectation and that the pOG score captures this pattern. The score often identifies the correct topology even when the primary reconstruction methods fail, particularly in the presence of model violations. In simulations of problematic phylogenetic scenarios such as rate variation among lineages (which can lead to long-branch attraction artifacts) and quartet-based reconstruction, the pOG analysis outperformed the primary reconstruction methods. Because the pOG method does not make any assumptions about the evolutionary model (besides the decreasing support from increasingly distant outgroups), it can detect cases of violations not treated by a specific model or too strong to be fully corrected. When used as an optimization criterion in the construction of a tree of 23 mammals, the outgroup signal confirmed many well-accepted mammalian orders and superorders. It supports Atlantogenata, a clade of Afrotheria and Xenarthra, and suggests an Artiodactyla-Chiroptera clade.
Introduction
Mammalian classification has been a subject of interest for centuries. Traditionally, morphological characters were used to classify the mammals (Simpson 1945; Novacek 1992a,b; Shoshani and McKenna 1998) . With the start of the genomic era, molecular studies added to the discussion, leading to sometimes surprisingly new classifications, such as a clade of African mammals, the demise of Insectivora as a clade, or the paraphyly of Archonta by "moving" Chiroptera (bats) further away from Primates.
Presently, most molecular studies group the mammalian orders into four superorders: Afrotheria, Xenarthra, Laurasiatheria, and Euarchontoglires. Afrotheria is a clade of animals suggested to be originating from Africa and includes Proboscidea (elephants), Afrosoricida (e.g., tenrecs), Hyracoidea (e.g., hyraxes), and Sirenia (e.g., manatees). The only extant Xenarthra are found in the Americas and consist of Cingulata (armadillos) and Pilosa (sloths and anteaters). Laurasiatheria are believed to have evolved on Laurasia after the break up of Pangaea and include the orders Carnivora (e.g., dogs and cats), Artiodactyla (e.g., cattle), Cetacea (e.g., dolphins), Perissodactyla (e.g., horses), Chiroptera (bats), Erinaceomorpha (e.g., hedgehogs), Soricomorpha (e.g., shrews), and Pholidota (pangolins). Euarchontoglires (synonymous to Supraprimates) probably split from Laurasiatheria about 95-85 mya during the Cretaceous and contains Primates, Rodentia, Lagomorpha (e.g., rabbits), Scandentia (e.g., tree shrews), and Dermoptera (e.g., flying lemurs). Laurasiatheria and Euarchontoglires together form a clade called Boreoeutheria (synonymous to Boreotheria).
Most phylogenetic studies use nuclear or mitochondrial sequence data, and nucleotides, amino acid, or mixed data sets to estimate the phylogeny. Since the beginning of the genomic era, many trees and corresponding hypotheses on mammalian evolution have been proposed and several issues are still not resolved, despite a constantly increasing amount of genomic data. These ambiguities in phylogenetic reconstruction do not only stem from data selection but can also result from the choice of evolutionary model and reconstruction method. Inconsistency (convergence towards an incorrect solution as more data are added) can occur for parsimony as well as for distance and likelihood methods (Farris 1999; Swofford et al. 2001 ) when the biological data violate the standard evolutionary model assumptions of homogeneity of rates across sites (Kuhner and Felsenstein 1994; Chang 1996) , homogeneity of rates across branches (Gaut and Lewis 1995) , stationarity (same character frequencies for all branches), or time reversibility (Squartini and Arndt 2008) . Assessing the harm caused by model assumptions is not a simple task and for the case of mammalian evolution, the adequacy of the model can make the difference between topologies with short internal branches.
This dependence of the reconstruction on the method and data set has prompted the investigation of evolutionary events that would solve and settle the structure of the tree of life. Rare events such as insertion/deletion events ) and insertions of transposons (Salem et al. 2003; Kriegs et al. 2006; Nishihara et al. 2006) are expected to produce fewer homoplasies and because they occur in low numbers, they can be curated manually, increasing their reliability. Nikolaev et al. (2007) used genomic data from the ENCyclopedia of DNA Elements (ENCODE) project to identify "conserved noncoding sequences" which appear to evolve more slowly than most coding sequences, thus reducing the chance of homoplasy.
Presence/absence patterns of retroposons have been proposed as a promising phylogenetic tool because the insertion of a retroposon was seen as an irreversible and homoplasy-free process (Kriegs et al. 2006) . Despite their apparent advantages, these events are not yet well understood, and researchers have found evidence for insertion hot spots, which might cause homoplasies (Cantrell et al. 2001; Bashir et al. 2005 ). There are also indications for precise incision (van de Lagemaat et al. 2005 ) and lineagespecific degradation ), which both imply that such insertions can be reversible. Also, because retroposon insertions are rare events, they are mostly found on longer branches. This makes it difficult or even unlikely to find significant numbers of such events to solve c The Author 2009. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org difficult problems that involve very short branches, as, for instance, found between some Laurasiatherian orders (Nishihara et al. 2005) .
In cases of retroposons supporting two conflicting topologies, this was attributed to incomplete lineage sorting (Salem et al. 2003; Nishihara et al. 2006) . A similar conclusion was reached by Hallström and Janke (2008) when analyzing 2,845 kbp of coding sequences. They observed divergences (particularly the root of placental mammals) that remained ambiguous despite using very large amounts of data, prompting them to suggest hybridization or incomplete lineage sorting as potential causes for this uncertainty. When speciations follow each other in very short intervals (estimated to be 2-4 Myr in their case), hybridization might still be possible. This can obscure or even erase any information about the correct order of speciation events. Again, such scenarios would affect mostly the short branches.
Because of the complicated nature of species tree reconstruction, it is important to have methods to assess the quality of branches or trees. However, many such methods, like bootstrapping (Felsenstein 1985) , measure the reliability "within" the model and methodology used for the reconstruction, which can lead to strong statistical support for incorrect topologies (Bergsten 2005) . It has also been shown that depending on the choice of data, high Bayesian posterior probabilities for mutually exclusive topologies can be found (Misawa and Nei 2003) .
The trade-off between using many genes from a few taxa and including more taxa but having fewer genes available is also relevant (Geuten et al. 2007) . As the number of full mammalian genomes increases, one heads toward the ideal of many genes for many taxa, a combination that can help to mitigate the effects of model violations. However, many so-called "fully sequenced" genomes are of low coverage and their phylogenetic distribution is highly biased (Milinkovitch and Tzika 2007) .
For phylogenetic reconstruction, the sampling of species is an important issue. It has been shown that the choice of ingroup and outgroup can have dramatic consequences for the resulting phylogenetic tree (Graybeal 1998; Poe and Swofford 1999; Rosenberg and Kumar 2001) . Outgroups are species that diverged from all ingroup taxa before they diverged from each other and are the preferred way to determine the root of a phylogenetic tree. It has previously been suggested that from all possible outgroups of comparable sequencing quality, the closest one is the best choice to determine a rooted tree (Ritland and Clegg 1991; Muse and Weir 1992; Smith 1994 ) because shorter distances suffer less from statistical error and also the expected number of homoplasies between any ingroup and the outgroup is minimized this way.
A direct implication of the closest outgroup being the optimal one is that the quality of phylogenetic reconstruction decreases, when the distance to the outgroup is increased. Using this observation, the pOG score is introduced. The computation of pOG for a particular branch is based on the analysis of the support (the percentage gene trees supporting this branch) as a function of using increasingly distant outgroups. If the support decreases, corresponding to the expected pattern, then a high pOG score is returned. If, however, the support increases, then the resulting low pOG score expresses violation of the expected pattern.
Methods for constructing phylogenetic trees include minimizing the squared errors of fitting estimated pairwise distances to a tree (least-squares trees), minimizing the number of evolutionary events on the tree (maximum parsimony) or maximizing the likelihood (maximum likelihood [ML] methods) or the posterior probability of the tree (Bayesian methods). We call the result of any of these methods primary results because they are obtained by directly applying the method to the data. The pOG score, however, is a secondary result because it uses only the primary results (for each outgroup the number of gene trees supporting a topology) to compute a derived score. The computation of pOG is independent of the primary method used.
In this article, the computation of the pOG score is presented, demonstrated on a real example and verified using large-scale simulations of six different primary methods and two different kinds of violations to the evolutionary model. Then the method is applied to alternative hypotheses of several problems of current mammalian phylogeny. Finally, the product of the pOG values on all branches of the tree is used as an optimization criterion to construct a tree of 23 Placentalia.
Methods

Gene Tree Support
In this study, the results of several primary methods of tree reconstruction are compared with results of the pOG score. The study is conducted on large sets of data with many groups of orthologs. Gene trees are reconstructed for every group separately, and the support of a particular branch is expressed as the percentage of gene trees containing that branch. As the focus of the study is on the change of support when using different outgroups, the specific situation of a quartet (A, B, C, OG i ) is considered, with A, B, and C being three ingroup species of interest and OG i being one of the outgroups.
For the three ingroup species, there are three possible rooted topologies, denoted a, b, and c. At this point it is not important to which topology these labels refer, it will be made clear from the context. Assuming that there are n i orthologous groups containing A, B and C and outgroup OG i , the numbers of gene trees supporting the three topologies are denoted a i , b i and c i (with
Given k different outgroups, the gene tree support for a particular topology a is computed as:
and likewise for topologies b and c. Consequently, the sum of the support values for all three topologies add up to 1. If all gene trees agree on the same rooted triplet, the support for that topology would be 1. However, the inference of gene trees can be subject to stochastic errors, reconstruction artifacts, systematic biases, or mistakes in the orthology assignment (Castresana 2007) . Furthermore, some so-called "anomalous gene trees" do not follow the species trees because of lineage-sorting effects even if optimally reconstructed (Degnan and Rosenberg 2006; Ewing et al. 2008) . For these reasons, the gene tree support for a topology is expected to be less than one.
The pOG Score Given that the closest outgroup is the optimal choice, the support of a branch is expected to be the highest if the closest outgroup is chosen. More generally, the support is expected to decrease with increasing distance to the outgroup. Or formally, in the case of a being the correct topology, the following inequalities should hold:
for outgroups 1, 2,..., k with increasing distances to the ingroups. However, this ideal pattern is not always strictly observed and it is possible that one of the other two topologies also has decreasing support from more distant outgroups. Therefore, it is necessary to establish if the k fractions in equation (2) are in the most decreasing order. Also the significance of this pattern should be quantified. The resulting probability of this event will be called the pOG score.
If the k fractions of equation (2) are not in strictly decreasing order, the distance from strictly decreasing order must be established. This is achieved by determining the minimal number of necessary neighbor interchanges to make the numbers strictly decreasing. After computing this number for all three topologies, the one with the lowest number of necessary changes is the closest to the expected pattern. In the ideal case, one topology would need zero swaps and the other two would each need k(k − 1)/2 changes.
In practice, however, such a clear pattern is rare. Sometimes, two topologies have a more or less decreasing outgroup support pattern. Furthermore, the support fractions a i /n i have a variance, and thus, the number of necessary swaps are also subject to uncertainty. Therefore, simply using the number of necessary swaps is too coarse of a measure to quantify the outgroup support pattern.
Instead, the pOG score quantifies the probability that a given topology has the most decreasing pattern. This is achieved via Monte Carlo simulations by modeling the number of gene trees a i , b i , and c i as a multinomial distribution. The outcomes from the k different outgroups are assumed to be independent, and thus one run consists of sampling from k multinomial distributions and determining which of the three resulting sequences of support fractions a i /n i is the most decreasing (as described above). This procedure is repeated many times and each time the topology with the lowest number of necessary neighbor interchanges is recorded. If two or three topologies result in the same number of changes, then each is counted 1/2 or 1/3, respectively. The number of Monte Carlo runs should be as high as possible to minimize the variance of the estimate. However because this is a time-intensive procedure, in practice the number is limited. For this study, if not stated otherwise, a value of 200 runs was found to be sufficient while allowing for reasonable computation times. Finally, the proportion of times each topology resulted in the most decreasing sequence of outgroup support fractions is determined. This proportion is called the pOG score.
Because the pOG score is the probability that a topology has the most decreasing support from increasingly distant outgroups, it ranges from 0 to 1, and the scores for the three alternative topologies always sum up to 1. The pOG value for a particular topology is high (close to 1) if that topology has a significantly more decreasing pattern than either of the other two topologies.
Example of the pOG Score An example is given in table 1 to illustrate the computation of the pOG score. The top part of the table displays the numbers of least-squares trees supporting each of the three possible topologies for the triplet human, mouse, rabbit (rows) and every outgroup (columns). In all, 6,478 groups were found with opossum as outgroup, but only 1,192 with the ciona outgroup. Because these numbers cannot be compared directly, the fractions of gene trees supporting each topology are used (shown in the lower part of the table).
The average support for a given topology is computed as in equation (1) and is given in the last column of the lower half of the table. The highest support (0.559) from the gene trees is for b, the rabbit forming a clade with human to the exclusion of the mouse.
The computation of the pOG score has two components: computing the ranking distance to strictly decreasing sequences and assessing the significance using Monte Carlo simulations. The necessary neighbor interchanges to sort the fractions for topology c (bottom row of the table) is two because the 0.169 in the last column needs to be moved two positions to the left in order to achieve the sorting. Similarly, the ranking distance is 14 for a and 10 for b. From this, one can conclude that c is the one showing the most decreasing support pattern. However, the fractions shown in the table are close and the ranking obtained could be influenced by uncertainties that naturally exist when measuring distances and building trees.
Therefore, Monte Carlo simulations are performed by assuming the outcome from each outgroup as multinominally distributed. For example, for the opossum outgroup column, three numbers are drawn from a multinomial distribution for 6,478 trials, with the three categories having probabilities of 0.242, 0.532, and 0.226. For each replicate of the simulations, six such triplets are generated (one for each outgroup), the three ranking distances are computed (one for each topology), and the most decreasing topology is determined. After 200 replicates, the pOG score is computed as the percentage of how often each topology had the most decreasing support. In this example, topology c had always the most decreasing support, leading to pOG scores of 0.00, 0.00, and 1.00, for hypotheses a, b, and c, respectively. Thus, unlike the gene tree support (using the primary method), the pOG-based analysis favors the rabbit forming a clade with the mouse.
Simulations
Large-scale simulations were performed to assess the behavior of the outgroup support patterns under different NOTE.-Topology a is the human-mouse clade, b the human-rabbit clade, and c the mouse-rabbit clade. Above the line are the number of gene trees supporting each topology (rows) using each outgroup (columns). Below the line these counts are expressed as frequencies.
conditions using six different tree reconstruction methods applied to thousands of trees. Additionally, two different types of model violations were simulated to compare the pOG score with the primary methods for scenarios difficult for phylogenetic reconstruction. Random proteins were simulated using the updated PAM matrices (Gonnet et al. 1992 ) along the tree shown in figure 1. The triplet (A, B, C) of the ingroup species was constructed with the intention that it is prone to suffer from so-called "long-branch attraction" (LBA), one of the most common reasons for failure in reconstructing phylogenetic trees (Philippe and Laurent 1998; Bergsten 2005) . Under certain conditions, the long branch leading to B tends to be reconstructed erroneously as an outgroup to A and C because the number of substitutions between B and the outgroup are underestimated. This phenomenon can be observed for all phylogenetic methods and models of evolution, particularly if the real or simulated evolution deviates too much from the model used for the reconstruction (Swofford et al. 1996) . The problem is enhanced by using few taxa, as including more taxa often helps to mitigate the problems associated with LBA (Philippe and Douzery 1994; Halanych 1998) . Each run of the simulation consisted of the following. 1) Choosing branch lengths randomly from Poisson distributions with mean values as labeled in the tree of figure 1, except the small branch separating C from A and FIG. 1.-Tree used for simulations. A, B, and C are the ingroup species and OG1 to OG6 are outgroups with increasing distances to the ingroups. The branch lengths are in PAM (accepted mutations per 100 residues) and are the average values used for the simulations.
B which was drawn from Poisson(50)/100, resulting in an expected value of 0.5 as shown in the tree. The length of the initial sequence at the root was drawn from Poisson(500). 2) Simulating evolution along the tree for N groups, with N drawn from Poisson (2000) . For each of the N groups of genes, an initial protein sequence at the root was generated randomly, based on empirical amino acid frequencies (Gonnet et al. 1992 ) and then randomly mutated along the tree. For most simulations, not all sites of the sequences were evolved at the same rate, as described in Simulated Model Violations. 3) Reconstructing quartets of the three ingroups and one of the outgroups using several primary phylogenetic methods (see Quartet Reconstruction). The number of times each topology is supported using the different outgroups is recorded, leading to a table similar to table 1. 4) establishing for each run of the simulations the highest supported topology and the one with the highest pOG value. Each data point in the plots of the simulation results in Simulations corresponds to 100 runs of this procedure.
Quartet Reconstruction
The quartets from the simulated sequences were reconstructed using three different methods: ML, Bayesian estimation, and least-squares distance trees. Because of the very large amount of groups and trees (25.8 million quartets), the analysis of the Metazoan tree was performed only on distance trees, as this analysis requires a fast method.
ML trees were created with PhyML version 2.4.4 (Guindon and Gascuel 2003) using the JTT matrix to optimize the topology as well as the branch lengths. Four variants were used: equal rates for all sites (here called "JTT"), estimating a proportion of sites that are invariant (JTTI), estimating a discrete gamma distribution with four rate categories (JTTG) and estimating both the discrete gamma distribution as well as the proportion of invariant sites (JTTGI).
Bayesian reconstruction of phylogenetic trees was conducted with MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003) using the "mixed" amino acid model, which samples each of 10 models according to its probability. A Markov Chain Monte Carlo (MCMC) analysis was run with 1,000 cycles, sampled every 10, with a burn-in value of 25. These numbers are unusually small, but tests showed that for a quartet, 1,000 cycles produce the same result as 10,000. As MrBayes is very time consuming, it was not possible to do the many simulations with more cycles of the MCMC.
Distance trees were constructed from pairwise distance estimates between proteins using the pairwise sequence alignment method of the Darwin bioinformatics software (Gonnet et al. 2000) . The PAM distances and their variances were estimated as described in Dessimoz et al. (2006) . Based on the 4 × 4 distance and variance matrices, the quartet minimizing the sum of the varianceweighted squared errors between the pairwise distances and the distances on the quartet is selected, a method known as weighted least squares (WLS) (Cavalli-Sforza and Edwards 1967). In the case of two topologies having the same lowest least-squares fit, the quartet was excluded from the analysis.
Simulated Model Violations
When simulations are conducted according to a simple evolutionary model, most methods (except in some cases parsimony) should be able to reconstruct the correct topology. However, if the model is violated, meaning that the evolution of the sequences differs from the model used to reconstruct the phylogeny, then every method can fail. For example, the existence of rate heterogeneity across sites in natural sequences is well documented (Fitch and Margoliash 1967) as are its effects on phylogenetic inference (Yang 1996) . Therefore rate variation among sites is a suitable model violation to study the effect on phylogenetic reconstruction methods.
Rate variation was simulated in two different ways: 1) keeping a fixed proportion of the sites invariant and 2) letting the rates follow a gamma distribution. In the case of invariant sites, a defined proportion of the sequence was kept constant while the rest of the sequence underwent simulated evolution along the tree as described above. The simulations were performed for percentages of invariant sites ranging from 0% (no violation) to 90% (very strong violation). In the case of gamma-distributed rates, the sequence was divided into 10 equally long subsequences. Each subsequence was assigned a rate, such that the mean rate is 1 and the rate distribution is a discrete approximation of the gamma distribution (Yang 1994) . The subsequences were then simulated along the tree as described above, but with the distances multiplied by the category-specific rate. The gamma distribution used in this context is typically defined by a single parameter α. For the simulations, α values ranging from 0.1 (strong rate heterogeneity) to 2 (weak rate heterogeneity) were used.
Genomic Sequences
The analysis of the Metazoan tree is based on orthologous protein sequences of 29 metazoan species. Genomic sequences were downloaded from Ensembl (Hubbard et al. 2007 ) and integrated into the OMA orthologs project (Dessimoz et al. 2005; Schneider et al. 2007; Roth et al. 2008) . The orthology assignments of the OMA groups were shown to be the most reliable for phylogenetic analyses among current orthology prediction algorithms (Altenhoff and Dessimoz 2009 ). All 23 currently available placental mammals are used, as well as six outgroups with increasing distance to Placentalia: opossum, platypus, chicken, frog, zebrafish, and ciona. All common names as well as scientific names and assembly versions of the genomes used are listed in table 2.
The ortholog predictions come from the Metazoa set of OMA from April 29, 2008, containing 108,339 orthologous groups. Particularly because the low-coverage genomes have many genes missing, only three groups contained all 29 species used. Therefore, the analysis was done on quartets of species, each of them containing three Placentalia and one of the six outgroups. For these quartets, there were between 11,409 (human, chimp, mouse, and opossum) and 150 (squirrel, armadillo, guinea pig, and ciona) groups available. Overall, 18,303 different groups of orthologs were used, with a total of 233,996 mammalian sequences and 52,131 outgroup sequences. The number of sequences used from each species is listed in table 2.
The analysis was performed on the protein sequences. All quartets with all pairwise distances being 0 were excluded from the analysis because they contain no phylogenetic information. The OMA algorithm ensures that two proteins can only be in the same group, if at least 60% of the longer protein can be aligned to the other sequence. Thus, all alignments are based on a large part of both sequences, preventing aligning fragments or single domains to full sequences.
The highest support for a rooted triplet found in this data set is 0.911 for mouse and rat forming a clade to the exclusion of cow and the outgroup support pattern was often stable, with 793 of 1,771 possible triplets having pOG values of 1.000.
Tree Optimization
The outgroup analysis assigns a pOG score to a branch of a tree. When applied to all branches of a tree, it can also be used to evaluate a tree topology. Because the branch scores are probabilities, the score of the tree is the product over all branch scores.
In order to find the tree with the optimal pOG scores on all branches, in principle all possible topologies have to be evaluated. However, for the 23 Placentalia with complete genomes that were used in this study, more than 10 23 different rooted trees are possible, making a complete search infeasible. Therefore a heuristic search was performed.
Trees were constructed in two phases: stepwise addition followed by nearest neighbor interchanges (NNI) (described, e.g., by Felsenstein [2004] ). The stepwise addition consists of starting with a tree of two random species to which one species after another is added at the best branch (such that the global pOG score is maximized). This is a greedy algorithm and often leads to a nonoptimal topology. By performing NNI (local rearrangements of the tree), the overall score can be improved, but finding the globally optimal tree is still not guaranteed. Therefore, this procedure was repeated 20 times with species being added in different orders and of those 20 results, the highest scoring tree was selected.
Results and Discussion
The pOG score introduced in Methods provides a way to quantify the pattern of decreasing branch support from increasingly distant outgroups. This pattern is expected to hold for all correct branches of a phylogenetic tree. But can it also be observed when the reconstructed branch is not correct? Simulations in the following section show that for incorrect branches, the decreasing support from the outgroups can normally not be observed. This is expressed in a low pOG score. Thus, the analysis of the pOG values is a useful method to detect the incorrectly reconstructed branches in a tree.
Following these results, the outgroup analysis was applied to branches of the mammalian tree in order to analyze the outgroup support pattern of several disputed phylogenetic problems and used as an optimization criterion to construct a tree of 23 Placentalia.
Simulations
Large-scale simulations were performed to assess how often the outgroup support pattern captured by the pOG score is able to identify the correct topology, even when the primary reconstruction method failed. The results of these simulations are shown in figures 2 and 3.
The dashed lines indicate the percentage of simulation runs in which the primary method successfully reconstructed the correct topology for the majority of quartets. The correct topology is the long branch of B together with A to the exclusion of C, as shown in figure 1. These plots clearly confirm the well-known fact that all methods can fail if the evolutionary model is violated (see Introduction). On the left-hand side of the figures are the methods that do not assume any rate variation (JTT, WLS, and MrBayes). These models perform very poorly, particularly in the case of simulated gamma-distributed rates where for an α of 0.1, all methods fail in 80% of the cases or more. Clearly, the poorest performing method is WLS for which already quite weak violations lead to a high failure rate. The methods on the right (JTTI, JTTG, and JTTGI) that assume some form of rate variation among sites clearly perform better and only start to fail for strong model violations.
The solid lines in the plots indicate the percentage of runs for which the correct topology had the highest pOG score. Because the pOG score quantifies the change in support for increasingly distant outgroups, it can also be high for a topology that is not the most supported by the primary method. This was observed frequently in the simulations, particularly when the support from the gene quartets favored a wrong topology. In cases where there is very little or no model violation, the primary methods always find the correct topology. However, when model violations are so strong that the primary methods fail, the outgroup analysis often still finds the correct tree. Thus, the pOG score is able to capture the correct phylogenetic signal even when the primary methods fail. Although this effect is the strongest for methods that assume constant rates among sites, it can also be observed for the methods that incorporate rate variation.
The simulations were performed on two kinds of rate variation (invariant and gamma-distributed sites) that are often considered by standard evolutionary models. The pOG-based analysis performed well in these cases without explicitly modeling these violations. Because in reality biological sequences can have many evolutionary mechanisms that are not treated by standard models, the outgroup support behavior could be a useful indicator of such unexpected model failures. Also, the pOG-based method performed well in simulations on quartets, which are often considered to be problematic in phylogenetic reconstruction.
Testing Phylogenies Using the pOG Score
Following the results of the simulations which indicated that the pOG score is able to identify the correct branching pattern of a quartet even under strong violations of the evolutionary model, the method was applied to several current problems in mammalian phylogeny. These trees are shown in figures 4 and 5. Each row corresponds to a particular branch of the mammalian tree, for which all three possible topologies are shown together with the respective pOG values. Orthologous proteins from the OMA project and six metazoan outgroups were used as described in Methods. A convenient property of the pOG score for this application is that the pOG value of a particular branch of the tree depends only on the species in the three subtrees defining the branch, but not on the branching patterns within the subtrees. This means, for instance, that the pOG score of the branch defining Primates does not depend on the branching order within Primates, only on the selection of Primate species used for the analysis. Therefore, the subtrees in figure 4 are shown only as triangles with a number indicating the number of species used within that subtree. (a) Rooting placental mammals
The very early divergences of the eutherian mammals into Afrotheria, Xenarthra, and Boreoeutheria (consisting of Euarchontoglires and Laurasiatheria) are still debated. Three possible hypotheses for the placement of the root have been proposed and are shown in figure 4a . The first scenario (left) roots Placentalia between Boreoeutheria and Atlantogenata (Afrotheria and Xenarthra). This corresponds to the hypothesis that the first divergence occurred when the land masses of Gondwana and Laurasia separated, dividing Atlantogenata on Gondwana from Boreoeutheria on Laurasia. Subsequently, the separation of South America from Africa caused a further split between Xenarthra and Afrotheria, whereas in the north the divergence of Boreoeutheria is less clear (Wildman et al. 2007) . Recent molecular studies (Hallström et al. 2007; Wildman et al. 2007) as well as an analysis of coding indels ) support this scenario. The fossil record in Africa and South America neither supports nor contradicts the correlation between this phylogeny and the biogeographic theory outlined above (Asher et al. 2003) . The second hypothesis (middle) roots Placentalia between Xenarthra and Epitheria (Boreoeutheria and Afrotheria) and is supported by studies of morphology (Novacek 1992b; Shoshani and McKenna 1998) . This topology was also implied by the finding of two L1MB5 retroelements present in Epitheria but not in Xenarthra (Kriegs et al. 2006 ). However, this finding was not statistically significant and was later suggested to be an artifact of lineage-specific degradation ). The third tree roots Placentalia between Afrotheria and Exafroplacentalia (Boreoeutheria and Xenarthra) and was supported by large nuclear data sets (Nishihara et al. 2007 ).
The pOG-based analysis supports the first hypothesis (Atlantogenata) with a score of 0.915. It should be noted that Xenarthra is only represented by one low-coverage genome, the armadillo, resulting in a low number of orthologous groups being available. (b) The positions of the superorders Primates, Rodentia, and Laurasiatheria
The branching order of Primates, Rodentia, and Laurasiatheria (e.g., Carnivora and Artiodactyla) is also subject to debate. Historically, based on morphology, Primates and Rodentia were united in a group called Unguiculata (Linnaeus 1758; Simpson 1945) to the exclusion of Ferungulata (containing, among others, Carnivora and Artiodactyla). Shoshani and McKenna (1998) analyzed 260 morphological characters and found conflicting evidence, but slightly stronger support for this traditional clade than for the alternative, a Primate-Carnivora grouping. Molecular studies sometimes supported a PrimateRodentia clade (called Euarchontoglires) (Murphy, Eizirik, Johnson, et al. 2001; Kriegs et al. 2006) , or a PrimateCarnivora group (Cannarozzi et al. 2007; Huttley et al. 2007) . Because the rate of evolution in the rodent lineage is known to be faster (Lin et al. 2002) , these results have been attributed to LBA. Also, the latter topology was often observed in studies with few taxa and it has been proposed that LBA is enhanced by insufficient taxon sampling (Lunter 2007) . This view is supported by the outgroup analysis with strong (pOG of 1.000) support of Euarchontoglires, but 51% of the gene trees supporting FIG. 5 .-Analysis of the evolutionary relationships of cow, horse, Carnivora (here dog and cat), and bat. The first two rows displays the three possible branching patterns (a) for cow, horse, and Carnivora and (b) for cow, bat, and Carnivora. Of the 15 possible trees containing all four groups, only nine are displayed (c) the three with the highest pOG scores (i-iii) as well the most common hypotheses from the literature (iv-ix).
a Primate-Laurasiatheria clade (whereas 31% support Primate-Rodentia and 18% a Primate outgroup).
(c) Position of Lagomorpha
The position of Lagomorpha (here represented by rabbit and pika) has been long debated with the main hypotheses focusing on the relative positions of Lagomorpha, Rodentia and Primates. The original grouping by Linnaeus of Lagomorpha and Rodentia forming a superorder called Glires has been subject to a long debate among morphologists. Shoshani and McKenna (1998) wrote "like a pendulum, acceptance of Glires ... shifts in either direction, depending on available evidence." A similar observation can be made about early molecular studies, sometimes supporting Glires (Murphy, Eizirik, Johnson, et al. 2001; , sometimes supporting alternative groupings (Graur et al. 1996; Arnason et al. 2002; Misawa and Janke 2003) . Since an extensive study by Douzery and Huchon (2004) and support from retroposon insertions (Nishihara et al. 2006) , the concept of Glires seems to be generally accepted. Springer and Murphy (2007) attribute the main alternative topology (Rodentia basal) as LBA due to the faster rate of evolution in the mouse and rat lineages. The outgroup analysis (pOG of 1.000) strongly supports Glires, despite a majority of 43% of the gene trees supporting a Rodentia outgroup and only 23% supporting Glires. This is another example where the primary method (WLS trees) is probably affected by LBA, whereas the pOG score identifies the correct phylogenetic signal.
(d) Relationships among Rodentia
Many relationships among Rodentia are still unclear. The most comprehensive study of the intraordinal relationships in mammals has been performed by Huchon et al. (2002) using sequences from 22 rodent taxa and several outgroups. Because fully sequenced genomes are used in our study, only four rodents are available. They cover all three infraordinal clades as defined by Huchon et al. (2002) : mouse and rat represent Myodonta, the squirrel represents Sciuroidea, and the guinea pig is the only Ctenohystrica. The branching order of these three clades is not well defined; Huchon et al. (2002) obtain results that depended on the method used with none of the possible bifurcating trees having a significantly higher likelihood than another. A pOG score of 0.950 speaks in favor of the guinea pig being more closely related to Myodonta than the squirrel. This is in agreement with the tree by and the consensus tree presented by Springer and Murphy (2007) . Again, this result is obtained despite a clear majority (43%) of the gene trees supporting a guinea pig-squirrel clade, and only 23% support for the basal position of the squirrel.
(e) Position of the tree shrew The position of the tree shrew (order Scandentia) is not fully resolved. Current discussion focuses on the branching orders of Primates, Scandentia, and Dermoptera, jointly forming a clade called Euarchonta, which in turn is seen as a sister group to Glires (Janečka et al. 2007 ). Nevertheless, there are also recent analyses, particularly on mitochondrial genomes, that place Scandentia basal in Euarchontoglires (Horner et al. 2007) or together with Lagomorpha (Lin et al. 2002) . Studies of retroposon insertions could not resolve the position of Scandentia within Euarchontoglires (Nishihara et al. 2006) . The pOG score (0.890) favors a grouping of the tree shrew with Rodentia, rather than with Primates.
Intra-Laurasiatherian Relationships
Within Laurasiatheria, the relative positions of Artiodactyla (here represented by the cow), Perissodactyla (horse), Chiroptera (bat), and Carnivora (dog and cat) remain unresolved. Particularly, the positions of Perissodactyla and Chiroptera are ambiguous.
Morphological data place Perissodactyla together with Artiodactyla in Ungulata, a clade of hoofed and related animals (hyraxes, whales, aardvarks, elephants, and Sirenia) (Shoshani and McKenna 1998) . Molecular studies, however, do not support the monophyly of Ungulata and even spread them among different superorders, Afrotheria and Laurasiatheria (Murphy, Eizirik, Johnson, et al. 2001; Madsen et al. 2001) . That Perissodactyla belong to Laurasiatheria is almost uncontested, but the exact position remains unclear. Current hypotheses place Perissodactyla either as a sister group to Cetartiodactyla (Murphy, Eizirik, Johnson, et al. 2001; Lin et al. 2002) or as a sister group to Carnivora Arnason et al. 2002; Amrine-Madsen et al. 2003) . Nishihara et al. (2006) found five retroposons supporting Pegasoferae (Perissodactyla + Carnivora + Chiroptera) but also one retroposon supporting Fereuungulata (Carnivora + Perissodactyla + Cetartiodactyla) excluding Chiroptera, a theory inconsistent with Pegasoferae. This inconsistency was attributed to incomplete lineage sorting.
Morphological studies proposed Chiroptera to be within Archonta (Primates + Dermoptera + Scandentia + Chiroptera) (Novacek 1992b; Shoshani and McKenna 1998) , whereas molecular sequence analyses place Chiroptera within Laurasiatheria (Miyamoto 1996; . No consensus has been found on its position within Laurasiatheria. It has been placed as sister group to a Carnivora-Artiodactyla clade by the ENCODE analysis (Nikolaev et al. 2007) as well as by retroposon insertions (Kriegs et al. 2006) . Nishihara et al. (2006) place Chiroptera within Pegasoferae, whereas Hallström and Janke (2008) propose a clade of Chiroptera, Artiodactyla, and Carnivora, but are unable to resolve the exact relationships. Figure 5 shows the analyses of Artiodactyla, Carnivora, and Perissodactyla (a) and of Artiodactyla, Carnivora, and Chiroptera (b). In the first case, Artiodactyla as sister group to Carnivora is supported by the outgroup analysis with a relatively low score of 0.645 , whereas the alternative hypothesis of Artiodactyla with Perissodactyla has a score of 0.355. Even though 0.645-0.355 is a 2:1 ratio, this is a very weak signal because in 35.5% of the Monte Carlo samples, the latter topology was the most decreasing. For the second problem (row b), a ChiropteraArtiodactyla clade received moderate support with a pOG score of 0.814.
Combining these two highest scoring quartets would imply a Chiroptera-Artiodactyla clade with sister group Carnivora and a basal position of Perissodactyla. However, because the scores suggest a high uncertainty and this topology is incongruent to the fully reconstructed tree ( fig. 6 ), a more thorough analysis was performed by analyzing all rooted trees of the four species ( fig. 5c ). Furthermore, to reduce the variance of the pOG scores, the Monte Carlo samples were increased from 200 to 1,000. For a rooted tree with four leaves, there are 15 possible topologies. Of these 15 topologies, the three with the highest outgroup support ( fig. 5c , i-iii) as well as those found in the literature ( fig. 5c , iv-ix) are shown. Each tree has two internal branches and for each the pOG value was computed. The monophyly of the Carnivora, cat and dog, is unambiguous and thus not treated here. Two of these trees (i and ii) had relatively high scores for both internal branches. Both of them supported an Artiodactyla-Chiroptera clade, the highest scoring topology had then Perissodactyla as sister group (i) while the second highest scoring topology had Carnivora as sister group (ii). It is interesting that the unusual positioning of Chiroptera and Artiodactyla is always strongly supported, a topology also recovered by most data sets of Hallström and Janke (2008) . The ChiropteraArtiodactyla clade is also found in the next highest scoring tree (iii).
Trees (iv)-(ix) of figure 5 display the pOG scores for trees found in the literature. Studies on mitochondrial DNA (Reyes et al. 2004 ), housekeeping genes (Kullberg et al. 2006) , and mixed mitochondrial and nuclear genes ) support Zooamata (Perissodactyla + Carnivora + Pholidota) with sister group Artiodactyla and Chiroptera in the basal position (v) while retroposons find evidence for Pegasoferae, Zooamata with with sister group Chiroptera and Artiodactyla in the basal position (vi) (Nishihara et al. 2006) . Both these hypotheses are soundly rejected by the pOG score analysis. Murphy et al. (2007) used a large nuclear and mitochondrial data set to reestimate the placental tree and divergence times while constraining the monophyly of Atlantogenata because it was strongly supported by their analysis of coding indels. They found topology (vii) and estimated that Chiroptera, Perissodactyla, and Carnivora diverged from each other in a remarkably short time frame. The point estimates from these branches were found to be less than 2 Myr apart, leading to the suggestion of incomplete lineage sorting as a possible mechanism for adding ambiguity to the branch resolution. In addition to evidence from morphology, Euungulata (Perissodactyla + Cetartiodactyla) proposing a single origin of hoofed animals was weakly supported by an ML tree constructed from genomic data (coding and noncoding) from 41 mammals and three other vertebrates (viii) (Prasad et al. 2008) . They concluded that the branching within Laurasiatheria is difficult to resolve, susceptible to reconstruction artifacts, and may be showing effects of incomplete lineage sorting. Euungulata was also supported with moderate bootstrap support but with Chiroptera rather than Carnivora in the basal position (ix) .
Tree Based on the pOG Score Figure 6 shows the tree of 23 Placentalia that was computed such that the product over the pOG scores on all its branches is maximized. All branches have a pOG value greater than 0.5, and many of the branches have a score of 1.0, indicating a clear and stable pattern of decreasing support from more distant outgroups.
This tree agrees with the trees presented in Testing Phylogenies Using the pOG Score with only one exception, that the highest scoring topology of figure 5a (Artiodactyla with Carnivora to the exclusion of Perissodactyla) is not consistent with the tree of all species. With a score of 0.645, however, this part of the tree was not well supported and inclusion of the bat changed the topology (fig. 5c ).
The position of Eulipotyphla (here hedgehog and common shrew) basal within Laurasiatheria is expected from Bayesian trees , as well as from retroposon insertions (Nishihara et al. 2006) .
In the analysis of the tree shrew in the previous section, the discussion was limited to the branching order of the three groups Scandentia, Primates, and Rodentia. In the topology of all 23 taxa, the tree shrew is placed more precisely as a sister group to Glires.
Overall, the tree of 23 species based on the pOG scores confirms the monophyly of many mammalian orders and super-orders, including Euarchontoglires, Laurasiatheria, Afrotheria, Primates, Rodentia, Lagomorpha, Glires, Carnivora, and Eulipotyphla.
This demonstrates that the signal from the outgroup analysis is strong enough to build a Placentalian tree which is remarkably close to the current understanding of mammalian evolution. It is also noteworthy that nine branches of this tree (marked with an asterisk in fig. 6 ) do not have maximum support from the WLS gene trees.
Conclusions
The pOG score is a novel way of assessing the reliability of a branch without directly using the primary phylogenetic method. The advantage of the presented method is in its robustness against model violations. Assuming that if a proportion of the gene trees suffer from reconstruction biases, they are most likely incorrect independently of the outgroup used. If the majority of the gene trees is incorrect due to the biased reconstructions, the primary result will also be incorrect. However, those groups not (or less) affected by the bias show the expected behavior of more correct reconstructions using close outgroups and fewer correct topologies with increasingly distant outgroups. Because the pOG score considers only the change of support using different outgroups, it also identifies the correct branch in these cases.
The pOG score should not be confused with a bootstrap value, and it does not express the probability that a branch is correct. It quantifies the probability the outgroup support pattern for a branch is as expected. The simulations as well as the application to mammalian sequences presented in this article showed a strong correlation between a high pOG score and the correct branch. For the mammalian phylogenies analyzed, pOG values of 0.950 or higher always corresponded to widely accepted topologies, even when the majority of the gene trees supported different branchings. Lower pOG values imply some uncertainty in the outgroup support pattern and were often found in cases where the correct topology is still subject to debate. Nevertheless, the highest pOG value often proposed sensible solutions even in difficult situations such as in the presence of unequal rates among lineages and when only least-squares quartets were used.
To apply the pOG score to a phylogenetic problem, taxa with hundreds of shared sequences and with several known outgroups are required. The ideal application is therefore trees of species with sequenced genomes. As the number of sequenced genomes is steadily growing, the number of evolutionary problems to which the pOG method can be applied is also increasing. A python script to compute the pOG score given a gene tree support matrix, such as the one in table 1, is available at: http://www.cbrg.ethz.ch/research/outgroups.
The pOG score's robustness against model violation and LBA, even when a simple primary method is used makes it both a useful tool for detecting branches that are incorrect due to reconstruction artifacts and a novel optimization criterion for use in heuristic tree searching. The importance of such methods is clearly shown by the many conflicting species trees published to date.
